Mg-protoporphyrin IX monomethyl ester (oxidative) cyclase, the system responsible for the formation of the chlorophyll isocyclic ring in developing cucumber (Cucumis sativus L. cv Beit Alpha) chloroplasts, was resolved into two enzymic components: a high-speed supernatant and a membrane pellet. This reconstituted enzyme system required reduced pyridine nucleotide for activity.
The isocyclic ring of the Chl molecule originates from the methyl propionate side chain at position 6 of the macrocycle. Granick (9) suggested that one step in this transformation is the oxidation of the ,8-carbon of the C-6 methyl propionate side chain. This suggestion has been generally interpreted in terms of an analogy with the 3-oxidation of fatty acids (1, 3) . In vivo studies suggested the participation of an Fe-containing enzyme in the formation of the isocyclic ring (6, 10, 12, 17, 19, 20) . However, short term in vitro experiments (3) failed to confirm this Fe requirement.
The relative order of the formation of the isocyclic ring and the reduction of the 4-vinyl substituent in the Chl biosynthetic sequence has long been a matter of debate (1) . In our laboratory we have been working with a developing chloroplast suspension that is able to catalyze the formation of the isocyclic ring using Mg-Proto2 or Mg-Proto Me as the substrate (3, 5) . This cell-free system exhibits an absolute requirement for 02 and is strongly inhibited by artificial electron carriers such as methylene blue, methyl viologen, and phenazine methosulfate. The product of this in vitro reaction is MgDVP (4) , indicating that the 4-vinyl substituent is not reduced.
In the present work we have resolved this cell-free system into two enzymic components, and we have further characterized the cofactor requirement. The term Mg-protoporphyrin IX monomethyl ester (oxidative) cyclase (or cyclase for short) is used here to denote the totality of the catalytic agents that bring about the formation of the isocyclic ring. A preliminary account of this work has been presented (21 (5) . The suspension was divided equally between two 1 5-ml test tubes and sonicated three times for 10 s using a Biosonik Sonicator at 7/10 maximal intensity. The sonicated plastid suspension was centrifuged at 1 50,000g for 1 h. Supernatant and pellet fractions were recombined to restore the cyclase activity. The ratio of supernatant and pellet proteins was not varied in these experiments; but they were added back in the same ratio in which they were found in the chloroplasts.
Ammonium MgDVP Extraction and Determination. MgDVP formed during incubation was extracted into diethyl ether by a previously described procedure (2) and was assayed according to Chereskin et al. (5) . RESULTS ATP and NADPH were added as cofactors to the reconstituted system. Either cofactor stimulated the activity (Table I , experiment 2); however, the observed stimulations were not additive, and ATP was essentially ineffective in the presence of added NADPH. The stromal proteins in the supernatant were precipitated with 80% saturated (NH4)2SO4. When this (NH4)2SO4-precipitated supernatant and the pellet were recombined, little or no cyclase activity was observed in the presence of ATP. However, this reconstituted system was active when NADPH was added (Table II) . In the subsequent experiments with the reconstituted system, the supernatant was always precipitated with (NH4)2SO4.
The cyclase activity required at least two enzymic components. If either supernatant or pellet was boiled, the activity dropped by at least 85% (Table III) . The remaining activity was attributed to the cross-contamination of the pellet and supernatant fractions. The pellet could be freeze-thawed and shocked osmotically without losing activity (data not shown). Upon storage for 7 d at -1 5°C, the supernatant lost approximately 30% of the original activity, and the pellet approximately 70%. Proto Me was used as substrate. When Mg-Proto was used as substrate, SAM was absolutely required. These findings agree with previous findings on intact plastids (5). Table V compares the activity in the intact plastid preparation with that of the reconstituted system. In the presence of NADPH, the reconstituted system retained 39% of the activity in plastids incubated with NADPH, or 55% of the activity in plastids incubated without NADPH.
The specificity of the reconstituted system for pyridine nucleotides is shown in Table VI . Only the reduced forms were effective. At saturating concentration (>10 mM), 'NADPH and NADH were equally effective. At low concentration (<2 mM), NADPH was more effective than NADH (Fig. 1) . Figure 2 shows the dependence of MgDVP formation by the reconstituted system as a function of Mg-Proto Me concentration. Maximal cyclase activity was observed at about 10 uM Mg-Proto Me. This concentration curve is similar to that obtained with intact plastids (5) .
Like the cyclase system in intact plastids (5) 
DISCUSSION
Intact developing chloroplasts were previously separated from broken plastids (7) . Intactness appeared to be required for MgProto Me (oxidative) cyclase, as the majority of this activity was found to be associated with the intact plastid fraction (7). However, an active cyclase system has now been prepared from sonicated plastids by recombining a plastid membrane pellet and a supernatant fraction. Initially, the reconstituted system could be reactivated with either ATP or NADPH (TableI); but if the soluble proteins were precipitated with 80% (NH4)2SO4, ATP failed to reactivate the system, and a reduced pyridine nucleotide (NADPH or NADH) was required (Tables II and VI) . These results indicated that the effect of NAD(P)H was primary; while the ATP effect could be explained by the presence of an ATPdependent NAD(P)H regenerating system: for example, the system involving glucose, ATP, kexokinase, and Glc-6-P dehydrogenase (13) (14) (15) 18 The cyclase activity required at least two enzymic components which are probably located in the stroma and in the developing thylakoid membrane. These two enzymic components were destroyed by boiling (Table III) . The cyclase activity was inhibited by sulfhydryl alkylating agents both in the intact plastid and in the reconstituted system (8) . Both (Table IV) . The stimulation ofthe cyclase activity by SAM, when Mg-Proto Me was used as substrate, suggests that methyl esterase activity was associated with the reconstituted system (Table IV) . This stimulation was first described in intact plastids (5) .
In our incubations we were unable to detect any longer wavelength metalloporphyrins with emission peaks between 600 and 615 nm, which were suggested to be the biosynthetic intermediates between Mg-protoporphyrin IX monomethyl ester and protochlorophyllide (16) .
Cyclase activity in the reconstituted system was dependent on reduced pyridine nucleotides (Table VI) . At low concentration, NADPH was more effective than NADH (Fig. 1) . 
